Towards one key to one lock: catalyst modified indium oxide nanoparticle thin film sensor array for selective gas detection," J. Mater. Chem., 2012: 22, 7308. Homogeneous In 2 O 3 nanoparticles (NPs) were self-assembled into thin film sensor arrays on a single chip, with further surface modification by noble metal catalysts. The NP film sensor arrays show clear current responses when exposed to different target gases, and both sensitivity and selectivity were greatly improved. Particularly, the sensors modified with Au, Pd, and Pt nanocatalysts demonstrated higher sensitivity to H 2 S, H 2 and CO, respectively, making the gas discrimination direct and simple, like ''one key to one lock''. The particle size dependence of the noble metal modifiers to the sensitivity was further investigated by tuning the sputtering parameters. Three different trends of sensitivities were observed, each attributed to different mechanisms. The modified nanoparticle film sensor was also fabricated on flexible substrates and the sensing performance was investigated at different bending angles.
Introduction
Chemical sensing is one of the most promising applications for nanomaterials, showing extremely high sensitivity resulting from the large surface-to-volume ratio. Numerous studies on pursuing novel nanomaterials or nanostructures have been reported to improve the sensitivity to multiple target gases. [1] [2] [3] [4] [5] [6] Selectivity, however, is another crucial parameter in sensing applications that has become an unavoidable obstacle which urgently needs to be overcome to realize gas sensors with ''one key to one lock'' performance. Since the dominating sensing mechanism in current nanomaterials, especially metal oxide based sensors, is related to the surface depletion region as well as the electric signal variation induced by the adsorbed chemical species, many reducing or oxidizing gases may cause similar current increase or decrease in the signal in n-type nanomaterials, 7-10 making it hard for gas discrimination. In order to solve this issue, different sensor arrays are expected to be assembled together to work as an ''electronic nose'', where they should have as many different sensing capabilities as possible to discriminate different gases.
Several improvements on selective sensors were reported in recent years. Kolmakov's group assembled a chemical sensor array of SnO 2 nanowires by temperature gradient and different nanowire densities (KAMINA technology), using linear discrimination analysis (LDA) to demonstrate the discrimination power quantitatively. 11 They also investigated gas discrimination with an array of individual metal oxide nano-and mesowire sensors. 12 Zhou's group integrated four different semiconducting nanowire or nanotube sensors with separate accurate temperature control, and used principal component analysis (PCA) to show the discrimination of different gases. 13, 14 Besides, surface modification has been proved to be an extremely effective way to improve the sensitivity in many sensors, 15, 16 as well as a potential method for enhancing selectivity by selecting suitable modifiers. [17] [18] [19] [20] However, it should be noticed that many data processing or analysis methods have to be employed in these reports for gas discrimination, sometimes with overlapping zones for different gases detection, making the discrimination indirect. In addition, little research has been performed for NP based sensors which have the advantages of easy assembly, large area, homogeneity, structure stability, and high surface/volume ratio. Therefore, novel materials and techniques are still being explored to enlarge the difference between the individual sensor units as well as the selectivity to make the discrimination method simple and direct.
In our previous works, we have demonstrated the superior sensitivities of metal oxide nanoparticles (NPs) to different target gases at room temperature, and found that surface modification is the most crucial factor to improve the sensitivity. 8, 16, 20 In this work, we further study In 2 O 3 NP sensor arrays assembled on one chip, with the surface modification by different noble metals (Au, Pd and Pt), to investigate selectivity at room temperature. We also tuned the metal modifier sizes and investigated their influence on sensing performance. The mechanisms associated with each modifier were explored. Such a modified nanoparticle film sensor array was further fabricated on a flexible substrate and the bending test demonstrated robust performance. 
Experimental
The In 2 O 3 NPs used in this work were prepared via a chemical solution method, involving thermal decomposition of metalorganic precursors in fatty alcohol solutions at 320 C. The diameter of the particles obtained is 6-10 nm. 8 After the deposition and annealing procedures addressed in our previous work, 20 the nanoparticles formed a short-range ordered thin film on a Si/SiO 2 substrate, with homogeneous and controlled thickness. An array of 40 nm thick Au contact pads was deposited using a resist free shadow mask evaporation method (Lesker PVD 75), forming multiple sensors on one chip. Different metals (Au, Pd and Pt) were then sputtered (Cressington 308R) one by one onto individual In 2 O 3 NP film sensors for surface modification, where they kept separated as nanoparticles instead of a continuous film. 16 For comparison purposes, one sensor was left as a bare NP film without any modification. The schematic of the device fabrication is illustrated in Fig. 1 (a)-(d). Fig. 1(e) shows an SEM image of the NP film on the SiO 2 substrate from a tilted view, where both the smooth surface and the cross-section can be observed. Actually, this NP film, as well as devices, can also be obtained on many types of substrates including flexible substrates, as shown in Fig. 1 (f), which implies that such NP films have broad applications. For sensing investigation, the sensors were mounted in a custom-designed sealed chamber with an electrical feedthrough and gas inlet/outlet. The data were collected by Keithley 2400 and 4200 source meters. To compare these sensors accurately and objectively, all the other parameters were kept almost the same during fabrication (In 2 O 3 film thickness: 400 nm, electrode gap: 100 mm, electrode width: 500 mm, nominal thickness of metal deposited: 0.4 nm). I-V curves from all of these sensors are linear, implying good contact between NPs and electrodes as we reported before. 20 For n-type In 2 O 3 NP films, reducing gas H 2 S reacts with the adsorbed oxygen, decreases the depletion region around In 2 O 3 NPs, and increases the current. Air flow is easy to make the recovery in several minutes. Due to the particular structure of multiple NP layers, there exists an equilibrium of oxygen adsorption and desorption, leading to a slow current increase even in 0 ppb H 2 S after stopping air flow. 20 Fig. 2 (e) presents the sensitivities (S) of the sensors to H 2 S with different concentrations considering a response time of 30 minutes, where S is defined as S ¼ (G gas À G air )/G air Â 100% (G gas and G air are the conductance in diluted H 2 S and air, respectively). Obviously, all the sensors with surface modification have a substantial improvement of sensitivity and a lower detection limit by several orders. However, such improvement differs in the three modified sensors, where Au modified sensor exhibits the highest sensitivity (noticing the logarithmic coordinate axis).
Results and discussion
Two other important reducing target gases, H 2 and CO, were then also investigated. Fig. 3 (a) and (b) show the sensitivities of the sensors to H 2 and CO of different concentrations. Again, the modified sensors show better sensing performance than the bare NP film sensor. The Pd modified sensor exhibits the highest sensitivity to H 2 and the Pt modified sensor presents the highest sensitivity to CO. From the experimental results, there are several things worthy of being noted: first, the extremely high sensitivity and low detection limit are attributed to both NP film structure and the noble metals; therefore the detection abilities for all three gases (H 2 S: 20 ppb, H 2 : 8 ppm, CO: 20 ppm) are close to the best reported room-temperature sensors based on metal oxide nanomaterials, [20] [21] [22] showing an extremely low detection limit and high sensitivity. Second, all three noble metals improve the sensing performance, each with different level of improvement. Therefore, we are able to compare the impact of different metals and evaluate the large amount of reported results where mostly only one noble metal was used to modify the sensor. Third, the gas discrimination becomes direct and clear by checking which sensor exhibits the highest sensitivity, because Au/Pd/Pt modified sensors show especially high sensitivity to the respective gases of H 2 S/H 2 /CO. For example, if the Pt modified sensor shows the highest sensitivity to a target gas, it simply indicates that the detecting gas is CO.
Furthermore, we tuned the sizes of these noble metal nanocrystals by the power rate and duration of sputtering to optimize the sensitivity, and observed sensing trends. Since these metals were generally discussed as the catalysts to provide an alternative reaction pathway with lower activation energy, 23,24 smaller particles were expected to show better performance due to the larger surface area. The nominal thickness of the deposited metal was used to estimate the size of the metal nanocrystals, which was further verified by transmission electron microscopy (TEM) observation. In detail, when the nominal thickness of Pt is controlled to be 0.1, 0.2 and 0.4 nm, the actual size of the Pt nanocrystals observed is about sub-1 nm, 1 nm and 2 nm by highangle annular dark-field scanning transmission electron microscopy (HAADF-STEM) observation, respectively. To prepare the TEM samples, In 2 O 3 NP solution was first diluted and dropped onto several TEM grids. Then these TEM grids were put into the deposition system one by one along with the thin film sensor array for individually controlled surface modifications. The density of the Pt nanocrystals did not change obviously, implying a Volmer-Weber growth mode. 25 Such results are shown in Fig. 4 , where the larger nanoparticles are In 2 O 3 NPs and the relatively small nanoparticles are Pt nanocrystals. In the same way, we also succeeded in tuning the size of Au and Pd. To investigate the size influence of each metal on sensing performance, four sensors (including three modified by different metal nanocrystal sizes and one bare NP sensor) were fabricated on one chip to detect the corresponding target gases. Fig. 5(a)-(c) show the sensitivities of Au, Pd, and Pt modified sensors to their corresponding gases H 2 S, H 2 and CO, after nanocrystal size has been tuned, respectively. As the metal nanocrystal size is increased, the sensitivity of Au modified sensors to H 2 S shows a weak increase while the sensitivity of Pd modified sensors to H 2 presents a strong increase. However, it is opposite for Pt modified sensors, where the sensitivity to CO increased as the nanocrystal size is decreased. The results clearly illustrate three different direct trends and demonstrate a method of designing a sensor with improved sensitivity and selectivity, simultaneously. The sensing mechanisms associated with these three different metal nanocrystal modifications are also discussed in the following.
Based on previous reports, 3,7,20 for n-type In 2 O 3 nanoparticles, there is usually a surface depletion region derived from the chemisorption of oxygen, which immobilizes the electron carriers and determines the current transport. At room temperature, reducing gases react with the chemisorbed oxygen, speed up the reduction of the depletion region, release electron carriers back to the nanoparticles, and increase the current, as shown by the following chemical equations: 3, 14 
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From our experimental results, we see that the noble metals sputtered for the purpose of surface modification definitely play a significant role in improving both sensitivity and selectivity. However, different mechanisms instead of the generally discussed catalysis mechanism correspond with the variations of sensing performance associated with varying metal nanocrystal sizes. Due to the well-known mechanism of the highly efficient dissolution of H 2 into Pd, the interaction between H 2 and Pd would follow a particular mechanism. 26, 27 Therefore, Pd catalysts of larger size adsorb more H 2 molecules and show higher sensitivity. For the other gases and metal nanocrystals, the adsorption energy was widely used to predict the chemical activity of the surface, 28, 29 which was further employed to explain the mechanism. From the HAADF-STEM image, {111} facets of Au metal nanocrystals can be clearly observed, as shown in Fig. 4(g) . The size of all the noble metal nanocrystals was about 2 nm or less by controlling the parameters of sputtering, where the majority crystal face exposed in the atmosphere was ascertained to be (111) according to many experimental and theoretical studies on the metal nanocrystals with such a size range. [30] [31] [32] Many researchers have considered the adsorption energy of H 2 S and CO molecules on (111) metal surfaces using density functional theory (DFT) calculations, 28, 29 and some results are summarized in Table 1 . For CO target gas, the adsorption energy on Pt is the lowest, leading to the highest binding affinity and sticking coefficient with Pt among these three kinds of metals, which matches our sensing results very well. Also, smaller sized Pt nanocrystals have higher surface to volume ratio which can increase the sensitivity to CO. However, for H 2 S target gas, the adsorption energy on Au is not the lowest, which indicates that adsorption energy is not the most crucial criterion. The strong bond between S and Au (forming ''alligator clips'') has been widely reported in the past few years, demonstrating that strong gold-sulfur bonding in alkylthiol self-assembled monolayers on gold particle surface results in the form of Au-SR (R: alkyl chain), with the loss of the thiol hydrogen in the bond formation process. 33, 34 Direct adsorption of H 2 S onto the gold (111) surface has been studied with the temperature-programmed desorption and X-ray photoelectron spectroscopy, showing that H 2 S molecules can easily undergo adsorption and desorption molecularly. 35 Therefore, the unique bond between gold and sulfur atoms in a sulfur compound is probably the reason for the good selectivity. Furthermore, since the noble metal nanocrystals are discontinuous, the NP film is still the real conducting channel. Thus, the interaction between the gas molecule and noble metal is one factor and the other one should be the electron transfer from the noble metal to the In 2 O 3 nanoparticle to contribute to the current signal. The adsorption of H 2 S molecules onto Au nanoparticles has been reported to significantly change the hopping behavior of electrons through the Au particles, 36 which may be the reason for the size effect of Au. However, based on our current knowledge, although a lot of studies have discussed the noble metal modified metal oxide sensors, the mechanism has not been fully understood yet, which needs further theoretical study.
Additionally, insulative fluorocarbon film (DuPont FEP), as a transparent flexible substrate, was employed for such nanoparticle film sensor fabrication using the same resist free shadow mask evaporation method (shown in Fig. 1(f) ). The sensing performance was also further investigated at different bending angles, by using two SEM cross-sectional stages to fix the DuPont FEP film substrate and controlling its bending angle through adjusting the distance of the two SEM cross-sectional stages. The fabrication of sensor array on a flexible substrate allows the board to conform to a desired shape or to flex during its use, providing the possibility to fabricate multiple functional devices. Fig. 6(a) shows the schematic of film bending, where the positive or negative bending angle q is defined respectively. Fig. 6(b) and (c) show the static linear I-V curves and dynamic repeatable current variation of an Au-modified NP sensor at different bending angles, illustrating the robust performance of the film as well as the contact between the NPs. The current increase at positive bending angles is due to the compression of the NP film and more compact contact between NPs. The current decrease at negative bending angles is due to the stretching of the NP film and looser contact between NPs. According to our previous work, the contacts between NPs determine the conducing channels in the NP film, influence the equilibrium between gas adsorption and desorption, and have an impact on the sensing properties. 16, 20 Therefore, the positive bending is expected to enhance the sensitivity and the negative bending is expected to lower the sensitivity, which is further verified in the H 2 S detection test as shown in Fig. 6(d) . To the best of our knowledge, this is the first study of nanoparticle-based chemical sensing performance on dependence of bending angles of flexible substrates, which is believed to be helpful for the future design and application of sensors on flexible substrates. In addition, compared to Fig. 2(e) , the sensing performance shown in Fig. 6(d) is relatively lower, which is due to different levels of surface modification. In Fig. 6 , the study was focused on the bending effect and the fabrication did not follow the previous multi-step deposition for precisely controlled surface modification. Instead, Au electrodes were deposited via sputtering, leading to an unintentional Au surface modification which was weaker than a well controlled surface modification. 20
Conclusions
In summary, we assembled In 2 O 3 nanoparticle films on different substrates and engineered the surface with different noble metals to achieve multiple sensors on one chip. All the sensors have better performance after surface modification, and different sensors modified with Au, Pt, and Pd demonstrated particular high responses to H 2 S, CO, and H 2 , respectively. By tuning the size of the metal nanocrystals, three different trends of sensitivity were observed. Although it is hard to find the suitable modifier for every gas, it has been proved that such a ''one key to one lock'' design is promising in a certain range of gases, with both high sensitivity and selectivity simultaneously. For future applications, the challenge remains the exploration of more modifiers and their corresponding gases to enlarge the library.
